In this work, we successfully synthesized visible light-responsive oxygen-rich titanium dioxide (O 2 -TiO 2 ) photocatalysts. Through hydrothermal decomposition of peroxo-titania complex, the in situ generation of oxygen significantly shifted the light absorption toward visible region. The existence and contribution of oxygen excess defect present in O 2 -TiO 2 was confirmed through FTIR and XPS analysis. The annealing temperature influenced the oxygen content and textural property of O 2 -TiO 2 samples and subsequently their photocatalytic activity. The O 2 -TiO 2 calcined at optimum temperature of 300°C recorded the highest photocatalytic activity toward methylene blue degradation, approximately 7.3-and 3.2-fold higher than that of commercial P25 and anatase TiO 2 , respectively. The enhancement was attributed to shortening of band gap and low recombination rate of charge carriers when the oxygen content increased at higher temperature. In addition, O 2 -TiO 2 displayed high reusability rate and good catalytic stability after being evaluated by four consecutive catalytic runs. The reactive radical species responsible for charge transfer mechanism and high photocatalytic activity were hydroxyl radical ( Á OH), holes and superoxide radical anions ( Á O 2 -) after performing multiple scavenging tests.
Introduction
In recent years, the contamination of natural waters is regarded as one of the major environment issues in the modern society. The most significant source of the pollutant is the untreated dye containing effluents released from the industries [1] . The breakdown treatment of a broad range of organic dyes [3] . The potential of titanium dioxide (TiO 2 ) as photocatalyst was first discovered by Fujishima [4] when they successfully performed the electrochemical photolysis of water with TiO 2 -loaded electrode. Since then, TiO 2 is widely used as photocatalyst due to its excellent properties such as economical viability, non-toxicity, environment friendly, high photocatalytic capability and high chemical stability [5] [6] [7] . However, the photocatalytic performance of TiO 2 is hindered by rapid recombination of photogenerated charge carriers and ineffective visible light response [8, 9] .
One of the widely employed approaches to narrow the band gap of TiO 2 is to modify TiO 2 with metals and non-metals/anionic doping [10] [11] [12] [13] [14] [15] . However, these dopants tend to act as charge carrier recombination centers, which deteriorate the photocatalytic efficiency [16] . Cationic metal may cause formation of secondary pollutant such as Al 2 TiO 5 , NiTiO 3 , Ce 2-Ti 2 O 7 and CeTi 4 O 24 , downgrading the photocatalytic performance [17] . Noble metals such as Au and Ag are too expensive for practical applications. Excess anionic doping would result in formation of oxygen vacancies, which enhance electron-hole recombination [18] . As a result, it is essential to develop a visible light-activated photocatalyst without involving doping agents such as metals and non-metals from the perspective of economic and environmental friendly. Etacheri and co-workers [19] firstly proposed that the oxygen excess defects present in titania samples are responsible for the high-temperature stability and enhanced visible light photocatalytic performance. Similar catalyst was investigated for photocatalytic reduction in carbon dioxide by Tan et al. [20, 21] , achieving excellent methane yield under visible light irradiation. Though these researchers have revealed the excellent photocatalytic performance of O 2 -TiO 2 , there are still more to be investigated regarding the photoactivity and mechanism insight of O 2 -TiO 2 prepared at lower temperature ranging from 300 to 500°C. Herein, O 2 -TiO 2 was prepared at lower calcinations temperature and its visible-light-driven photocatalysis toward the degradation of methylene blue (MB) was evaluated. If compared with other samples, the oxygen-rich TiO 2 catalyst calcined at the lowest temperature at 300°C was found to be among the best. Contrary to the commonly used halogen lamp with short lifespan and high temperature, we used 25 W LED floodlight which is safer, long-lasting and consumes less energy as irradiation source to induce the photoactivity. The reusability and regeneration test was also performed to examine the sustainability of O 2 -TiO 2 in consecutive photocatalysis processes. Besides, radical scavenging test was carried out to determine reactive radical species which were responsible for the enhanced photodegradation ability of O 2 -TiO 2 .
Experimental Materials
All the chemical reagents used were of analytical grade and purity. Hydrogen peroxide (ChemSoln, 30%) and titanium (IV) n-butoxide (ChemSoln, [98%) was used as the chemical modifier and the TiO 2 precursor, respectively. Degussa P25 and Anatase TiO 2 (Sigma-Aldrich, [99%) were used for comparison among photocatalysts. Deionized water was used throughout the experiment. Methylene blue (Uni-Chem, 98.5%) was served as organic dye for photocatalysis. In addition, isopropyl alcohol (Bendosen, 83.5%), dimethylsulfoxide (Univar, 99%), benzoquinone (Sigma-Aldrich, [98%) and ethylenediamine tetraacetic acid disodium salt (ChemSoln, 99%) were used as in radical scavenging experiment.
Synthesis of oxygen-rich TiO 2 (O 2 -TiO 2 )
5.5 mL of titanium (IV) n-butoxide (TBT) was added into 150 mL of pre-chilled deionized (DI) water. An immediate precipitation of hydrolyzed titanium species was observed. The precipitate obtained was repeatedly washed with water, followed by stirring with 80 mL of hydrogen peroxide (H 2 O 2 ) for 1 h to form a peroxo-titanate complex. The solution was heated at 50°C for 3 h and was dried in an air oven at 100°C for 24 h. The yellowish solid material obtained was then calcined at 300, 400 and 500°C for 2 h to induce crystallization. The product formed was denoted as O 2 -TiO 2 -300, O 2 -TiO 2 -400 and O 2 -TiO 2 -500, respectively.
Characterization
The powder X-ray diffraction (XRD, PANalytical Empyrean) patterns were acquired with Cu Ka radiation at a scanning speed of 0.02 s -1 . Fourier transform infrared (FTIR, PerkinElmer Spectrum 400 spectrophotometer) spectra were conducted in the range of 400-4000 cm -1 . Ultraviolet-visible diffuse reflectance spectra (UV-DRS) were obtained using Shimadzu UV-2600 spectrophotometer equipped with integrating sphere attachment with BaSO 4 as a reference. High-resolution transmission electron microscope (HRTEM, FEI-TECNAI F20) images were obtained at 200 kV. The surface chemical composition of samples was analyzed by X-ray photoelectron spectroscopy (XPS, PHI Quantera II, Ulvac-PHI, Inc.) with Al Ka radiation source. A Micro-PL/Raman spectroscope (Renishaw, in Via Raman microscope) was used to acquire the Raman and photoluminescence (PL) spectra with the excitation wavelength at 514 and 325 nm, respectively. A JEOL model JES-FA200 spectrometer was used for detection of the electron spin resonance (ESR) signals of samples at 110 K with center field, 327 mT; microwave frequency, 9183.311 MHz; and power, 0.998 mW.
Photocatalytic Activity
The photocatalytic activity of O 2 -TiO 2 was investigated by the degradation of methylene blue (MB) solution. The amount of photocatalyst used in each experiment was 1 g/L, whereas the concentration of methylene blue solution was 10 mg/L. The prepared photocatalysts (0.25 g) were immersed in a glass beaker containing 250 mL aqueous solutions for MB. Prior to photodegradation, the solutions were magnetically stirred in a dark for 2 h to establish an adsorption-desorption equilibrium. A LED lamp (LIKO, 25 W) was used as visible light source. The dye samples were collected at regular interval (30 min) for 4 h and then analyzed for residual MB concentration with UV-Vis spectrophotometer (DR6000 TM , Hach) at k max = 664 nm.
Reusability and Radical Scavenging Experiment
Taking O 2 -TiO 2 -300 as the representative photocatalyst, reusability of the oxygen-rich TiO 2 for degradation of MB was investigated through the same condition as above. After each experiment, the used catalyst was collected by centrifugation from the reaction mixture and heated at 80°C for overnight to prepare for the subsequent cycle. [22] . In addition, broad peak in the region of 3000-3600 cm -1 and a sharp peak at 1620 cm -1 were attributed to the presence of stretching and bending vibrations of the OH group and adsorbed water molecules, respectively [23] . Meanwhile, no such peaks representing the formation of a peroxo-titania complex were observed for P25 and Anatase. Both of P25 and Anatase exhibited Ti-O-Ti and Ti-O stretching vibration modes due to their main peaks being in the range of 500-800 cm -1 [24] . The FTIR spectrum successfully confirms the presence of Ti-O bonds, peroxo groups and OH groups in the oxygenrich photocatalysts. Figure 2 shows the X-ray diffraction (XRD) pattern of the obtained samples. The O 2 -TiO 2 and Anatase samples appeared as pure anatase phase of TiO 2 because rutile phase can only be formed under calcinations of high temperature ([800°C) [25] . (1 0 1), (1 0 3), (0 0 4), (1 1 2), (2 0 0), (1 0 5), (2 1 1), (2 1 3), (2 0 4), (1 1 6), (2 2 0), (2 1 5) and (3 0 1), respectively. No presence of rutile or brookite secondary phases were detected in all samples except for P25 which had obvious rutile (JCPDS no. 21-1276) peaks at 27.5°, 36.1°, 41.3°, 44.1°and 69.1°, corresponding to crystal planes of (1 1 0), (1 0 1), (1 1 1), (2 1 0) and (3 0 1), respectively. The crystallinity of prominent (1 0 1) peak of anatase phase at 25.3°obviously increased with the increasing calcination temperature from 300 to 500°C, showing the crystal grew to larger size from 9.55 to 12.05 nm with temperature rising (Table 1 ). This is also in good agreement with the results obtained in earlier report [26, 27] .
The average crystallite sizes of TiO 2 anatase were calculated using Scherrer equation:
where b is the full width half maximum (FWHM) for the 2h peak, K is the shape factor taken as 0.89 for calculations, k is the wavelength of X-ray (0.154 nm), and h is the diffraction angle. The lattice parameters (a and c) were calculated by from (1 0 1) and (2 0 0) in anatase crystal planes by using formula for tetragonal system (Eq. 2) and Bragg's equations (Eq. 3).
where d(h k l) is the distance between crystal planes of (h k l), k is the X-ray wavelength, h is the diffraction angle of crystal plane (h k l), h k l is the crystal index and a, b and c are lattice parameters (in anatase form, a = b = c). The calculated crystallite sizes and lattice parameters of the samples are summarized in Table 1 . The O 2 -TiO 2 significantly decreased in crystalline size in comparison with P25 and anatase. Due to the increase in oxygen content, the O 2 -TiO 2 reduced in c/a ratio and increase in lattice parameter compared to anatase. This phenomenon can be explained by the theory of oxygen excess defect. The defect (interstitial O) binds with the lattice oxygen atom which leads to the formation of substitutional O 2 molecule. This, in turn, causes a slight movement of the adjacent Ti atom, resulting in an increase in lattice parameter and disorderliness on the particle surface. This consequently causes an upshift of the VB, lowering the band gap [19] . Figure 3 shows the images of high-resolution transmission electron microscope (HRTEM) of the O 2 -TiO 2 photocatalyst synthesized under calcination temperature of 300°C. Figure 3a shows the morphology which is very small and highly nanocrystalline. The crystalline size of a single nanoparticle was found to be 0.35 nm (Fig. 3b) , corresponding to the (1 0 1) crystal plane of anatase TiO 2 (JCPDS No. 21-1272) [28] . The diameter of the synthesized O 2 -TiO 2 was in the range of 3-12 nm with an average size of 6.68 nm (Fig. 3c) .
The main challenge in producing visible light-active TiO 2 is to shift the light absorption spectrum from UV region toward the visible region. Figure 4a shows the light absorption property of P25, O 2 -TiO 2 -300, O 2 -TiO 2 -400 and O 2 -TiO 2 -500 and Anatase studied through ultraviolet-visible diffuse reflectance spectroscopy (UV-DRS). [29] . However, the oxygen-rich titania species displayed a redshift toward the visible spectrum ([390 nm) where P25 and Anatase remained in the UV region. This firmly established that the introduction of excess oxygen defects onto the crystalline lattice of TiO 2 stimulated the visible light absorption, causing a redshift to 420 nm [30] .
The narrowing of band gap can be proved by plotting the Tauc plot which was obtained by plotting (F(R). h m )1/2 against h m , where Kubelka-Munk function F(R) is derived from equation as below:
where h m is the photon energy, and R is the diffuse reflectance. The band gap energy of the samples was obtained through the intercept of the tangent of each curve to x-axis (photon energy) which was shown in Fig. 4b The reduction in the band gap was attributed to the oxygen excess defect formed [30] , which led to variation in lattice parameter within O 2 -TiO 2 . The disorderliness of the O 2 -TiO 2 particle surface caused an upshift of VB, reducing the band gap energies of the samples [31] . The variations in oxidation state and chemical composition of O 2 -TiO 2 -300 photocatalyst were studied through X-ray photoelectron spectroscopy (XPS). The spectra of Ti 2p and O 1s core levels of the photocatalyst were located at the region of 450-470 and 525-535 eV, respectively. As shown in Fig. 5a , two peaks were observed at 458.7 eV (Ti 2p (2) , and E g (2) , respectively [35] . All these peaks corresponded to the anatase phase of TiO 2 . This result of the photocatalysts was consistent with XRD patterns and proved that a bulk anatase phase was formed after annealing treatment. The photoluminescence (PL) spectra analysis of the photocatalytic samples was carried out to understand the electron-hole recombination phenomenon. The PL intensity was correlated to the recombination rate of excited electron-hole pairs [36] . Lower PL intensity was attributed to higher amount of transferred excited electrons and vice versa. Figure 6B shows that the O 2 -TiO 2 samples were less luminescent as compared to that of P25. The possibility of oxygen vacancy formation and electron-hole recombination rate is lower for O 2 -TiO 2 [19] . Besides, oxygen excess defect present in O 2 -TiO 2 also acted as electron scavenger, which reduced luminescence. The effective charge carrier separation extended the lifetime of the reactive electron-hole pairs, thus enhancing the photocatalytic activity. An increase in PL intensity was observed for O 2 -TiO 2 samples with an increase in calcination temperature, which can be attributed to the loss of excess oxygen and formation of oxygen vacancies at a higher temperature. Surface lattice oxygen will diffuse into external environment at high temperature, causing the formation of oxygen vacancies on the surface of catalyst [37] . This was further confirmed by the ESR spectra (Fig. S2) with the signal related to surface Ti 3? species was detected in ESR spectra at g = 2.02 for O 2 -TiO 2 -500 [38] . This result is consistent with the Raman spectra shown in Fig. S3 . There is a significant linewidth narrowing of Raman band from the sample calcined at 500°C to the sample calcined at 300°C due to the reduction in oxygen deficiencies at the surface of catalysts [37] . Compared to P25 and anatase, the emission spectra of all O 2 -TiO 2 samples are redshifted toward higher wavelength. Such phenomenon is most likely due an excess of oxygen species in the structures. Similar result was also reported for ZnO containing oxygen excess defects [39] . Figure 7a depicts the degradation rate of MB solution with the presence of the prepared photocatalysts from dark adsorption process to photocatalysis process, while Table 2 shows the photocatalytic performance of the photocatalysts in percentage. As displayed in Fig. S4 , the adsorption-desorption equilibrium process of oxygen-rich titania sample was achieved within 90 min. After 90 min of adsorption process, the concentration of MB remained almost constant. to their large band gap and UV light harvesting properties. The higher photoactivity of Anatase than that of P25 was contributed by its nanosized nature and anatase phase stability [19] . Anatase phase possesses larger amount of hydroxyl radicals on its surface, leading to higher reactivity on its surface. In contrast, rutile phase in P25 encourages the dissociation of organic molecules from its surface [40] . The successful introduction of oxygen species into TiO 2 , during annealing process was confirmed by FTIR and XPS study, improving the degradation efficiency ranging from 0.00271 to 0.00441 min -1 . Among the O 2 -TiO 2 samples, O 2 -TiO 2 -300 displayed the highest photocatalytic activity, achieving enhancement rate of 7.3-and 3.2-fold in comparison with P25 and Anatase, respectively. This could be mainly attributed to the reduction in band gap and enhanced spectra absorption intensity in the visible region which was proven by the result of UV-DRS and Tauc plot. In addition, improved photocatalytic activity of the O 2 -TiO 2 could be explained by their low recombination rate of the charge carriers, proven by the result of PL study. The excess oxygen defect served as electron scavenger, hindering the recombination of electron-hole pairs, thus prolonging the lifetime of the charge carrier to be involved in the redox reaction of MB.
Photocatalytic Performance
A decreasing trend of photocatalytic activity in O 2 -TiO 2 samples was observed with the increasing of the annealing temperature. With the increasing temperature up to 500°C, the photocatalytic performance should increase due to the strong crystallization [41] and visible light absorption capacity observed in XRD and UV-Vis DRS spectra. However, the performance dropped which is attributed to the following fact that, first, the large crystallite size of O 2 -TiO 2 -500 may decrease the specific surface area and thus resulted in poor photoactivity. Second, increasing temperature reduced the separation rate of electronhole pairs as discussed earlier for PL spectra in Fig. 6b . Since all the O 2 -TiO 2 samples calcined in different temperature were composed of pure anatase and achieved almost similar band gap reduction and lattice parameter, the main factor responsible for such trend was also attributed to the oxygen content and surface area of the photocatalyst compound. The O 2 :Ti ratio of O 2 -TiO 2 -300 was recorded to be 2.448 which were the highest reading, followed by that of O 2 -TiO 2 -400 and O 2 -TiO 2 -500 [31] . Higher oxygen content firmly established the formation of more excess oxygen defect, which contribute in reducing recombination rate of charge carrier. Tan et al. [31] also suggested that the surface area and pore volume decreased with increasing annealing temperature of O 2 -TiO 2 . Higher surface area and pore volume could provide more active sites for the particle, and thus leading to higher degradation efficiency [42] . The observed degradation data were fitted into the pseudo-first-order reaction kinetics model as shown in Fig. 7b . The first-order reaction kinetics was expressed by equation:
where k is the first-order reaction constant, C and C 0 are the final concentrations and the concentration after adsorption-desorption equilibrium, respectively. The parameter was obtained and listed in Table 3 . The photocatalytic degradation of MB is well fitted to first-order reaction kinetics with a regression [0.95 (except for Anatase). This indicates the rate of reaction is directly proportional to the concentration of reactant present. For practical applications, the photostability of the photocatalyst is considered as an important but difficult challenge due to the leakage of the components during the photocatalytic process [43] . Taking O 2 -TiO 2 -300 as the representative photocatalyst, the reusability of the material for photodegradation of MB was studied for 4 cycles. As shown in Fig. 8a , no significant deactivation of the photocatalyst was observed after four consecutive runs. The degradation rates of the 4 cycles were 87.0, 84.7, 83.3 and 78.2%. The loss of active sites and agglomeration of catalyst particles in heat treatment after each cycle could cause photoactivity to decrease during reuse [34] . Overall, the as-prepared O 2 -TiO 2 -300 photocatalyst shows good catalytic stability and has great potential as heterogeneous visible-light-driven photocatalyst to decompose aqueous organic pollutants effectively. To verify the active radical species which were responsible for the O 2 -TiO 2 photocatalyzed MB degradation, a radical scavenging experiment was carried out. In this study, four different scavengers EDTA-2Na
? , IPA, DMSO and BQ were used as holes (h ? ) scavenger, hydroxyl radical (
scavenger, electron (e -) scavenger and superoxide radical ( Á O 2 -) scavenger, respectively [44, 45] . As shown in Fig. 8b , the degradation rate of MB was obviously inhibited after the addition of IPA, EDTA and BQ in the mixture solution. This indicated that h ? was one of the active species generated in the photocatalytic system, while Á OH was the most reactive radical which prompted oxidization of MB under visible light irradiation. As for Á O 2 -radicals, it was also generated in the photocatalytic system due to the chemisorbed oxygen species on the oxygenrich TiO 2 , which was reduced to Á O 2 -upon combining with photoexcited e - [34] . The most generated radicals responsible for photocatalysis was found to follow a sequence of
-[ e -. Based on the above result and discussion, the proposed degradation mechanism of MB for O 2 -TiO 2 under visible light is illustrated in Fig. 9 . The edge potential of CB and VB of a semiconductor at the point of zero charge was estimated through the following equations:
where E VB and E CB are the VB and CB edge potential, respectively; X is the electronegativity of the semiconductor; E c is the energy of free e-on the hydrogen scale (*4.5 eV vs. NHE); and E g is the band gap energy of the semiconductor. The X value of TiO 2 is 5.81 eV [46] , whereas the E g of TiO 2 is 3.2 eV. The introduction of oxygen excess defects into the TiO 2 lattice led to an upshift of VB maximum, causing the band gap to be reduced to 2.95 eV [19, 20, 30] . 
Conclusions
The oxygen-rich TiO 2 was successfully synthesized via a facile and dopant-free method. The introduction of excess oxygen defect onto TiO 2 
